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ABSTRACT
A bright radio burst was newly discovered in SGR 1935+2154, which exhibit time–frequency prop-
erties similar to repeating fast radio bursts (FRBs), suggesting a neutron star (NS) magnetospheric
origin of FRBs. We propose an explanation of the time–frequency structures of sub-pulses of repeating
FRBs based on the generic geometry within the framework of charged-bunching coherent curvature
radiation in the magnetosphere of an NS. The sub-pulses in a radio burst come from bunches of
charged particles moving along different magnetic field lines. Their radiation beam sweep across the
line of sight at slightly different time, and those radiating at the more curved part tend to be seen
earlier and at higher frequency. However, by considering bunches generated at slightly different times,
we find there is also a small probability that the emission from the less curved part be seen earlier.
We simulate the time–frequency structures by deriving various forms of the electric acceleration field
in the magnetosphere. Such structure of sub-pulses is a natural consequence of coherent curvature
radiation from an NS magnetosphere with sporadically, suddenly and violently triggered sparks. We
apply this model to explain the time–frequency structures in two specific scenarios: the transient
pulsar-like sparking from the inner gap region of an NS with a dipole configuration, and the stretched
configuration by external trigger (the so-called “cosmic comb”).
Subject headings: pulsars: general - radiation mechanisms: non-thermal - radio continuum: general -
stars: neutron
1. INTRODUCTION
Fast radio bursts (FRBs) are mysterious millisecond-
duration astronomical radio transients with large
dispersion measures (DMs) and extremely high bright-
ness temperatures (Lorimer et al. 2007; Keane et al.
2012; Thornton et al. 2013; Kulkarni et al. 2014;
Masui et al. 2015; Petroff et al. 2015; Spitler et al. 2016;
Petroff et al. 2016; Chatterjee et al. 2017). The excess
of the Galactic DMs, and the localization of the host
galaxies for several FRBs sources, suggest that they have
cosmological origins.(Bassa et al. 2017; Chatterjee et al.
2017; Marcote et al. 2017; Tendulkar et al. 2017;
Bannister et al. 2019; Prochaska et al. 2019;
Marcote et al. 2020). Some FRBs have been found
repeating, and a very intriguing time-frequency struc-
ture was found (CHIME/FRB Collaboration et al.
2019a,b; Hessels et al. 2019; Josephy et al. 2019;
Chawla et al. 2020; Fonseca et al. 2020; Luo et al. 2020)
in some of the repeating FRBs. For these bursts, each
has several sub-pulses with different central frequencies,
and arriving at the detector at different times. For most
of them the time–frequency structure show a downward
drifting pattern, i.e., the later-arrival sub-pulses have
lower frequencies, though there is the exception FRB
180916.J0158+65, for which there is an upward drifting
pattern, if the bursts 191219A and B are considered as
two sub-pulses of the same burst(Chawla et al. 2020).
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We have proposed a model by invoking a sudden-trigger-
excited coherent curvature radiation in a neutron star
(NS) magnetosphere to explain the downward drifting
pattern (Wang et al. 2019).
Very recently, a bright millisecond-duration ra-
dio burst with similar upward drifting pattern was
detected during the active state of the Galac-
tic magnetar SGR 1935+2154 (Bochenek et al. 2020;
Scholz & Chime/Frb Collaboration 2020), suggesting
such time–frequency structure is likely created in a highly
magnetized NS magnetosphere. The time–frequency
structure is reminiscent to sub-pulse drifting which is a
well-known phenomenon in some normal radio pulsars
(Rankin 1986) and explained as E ×B-induced drift in
an NS magnetosphere (Ruderman & Sutherland 1975).
The consecutive sparking process in the polar cap re-
gion of a normal radio pulsar would give rise to regu-
lar drifting of sub-pulses, while the FRB sources and
the SGR 1935+2154 bursts are more akin to a sudden
and violent sparking process. The models of that sud-
denly triggered mechanism in an NS magnetosphere to
account for FRBs, have been proposed by many authors
(e.g., Connor et al. 2016; Cordes & Wasserman 2016;
Dai et al. 2016; Katz 2017; Zhang 2017; Wang et al.
2018; Wadiasingh & Timokhin 2019).
Motivated by the similarity in time–frequency struc-
tures and timescale of repeating FRBs and SGR
1935+2154, in this letter, we expand the Wang et al.
(2019) model to by deriving the dynamics of particle
bunches. The model is described in §2, and its appli-
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Fig. 1.— A schematic diagram of the NS magnetosphere and
radiation particle bunches. For instance, two magnetic field
lines with plasma stream outflow are plotted. The dashed
lines show the LOS. P1 and P2 denote the points where emis-
sions can sweep the LOS at two magnetic field lines, i.e. two
emitting points. The distance between P1 and P2 is ∆r. Here,
we assume that the curvature radius at P1 is smaller than that
at P2. S1 and S2 denote the locations where the two bunches
generation.
cations in several scenarios are discussed in §3.
2. THE MAGNETOSPHERIC MODEL
If the size of the charge particle bunch is less than
half wavelength (for 1 GHz, ∼ 10 cm) or smaller, the
phase of radiation from the particles are approximately
the same, which allows the production of coherent radio
emissions. In several models the FRBs are interpreted as
coherent radio emission from charge particle bunches in
pulsar magnetospheres (Katz 2014; Kumar et al. 2017;
Lu & Kumar 2018; Yang & Zhang 2018).
2.1. The geometry
We evolve the previous model proposed by Wang et al.
(2019) which invokes bunching coherent curvature ra-
diation in an NS magnetosphere. Bunches of electron-
positron pairs are created by an abruptly triggered mech-
anism, e.g., a sudden magnetic reconnection, or NS crust
cracking, and stream outwards along the open field lines,
producing coherent curvature emissions. Magnetic field
lines sweep across the line of sight (LOS) as the mag-
netosphere rotates. The observer can see the emission
from several bunches of neighboring magnetic field lines,
shown as Figure 1.
The observed time delay of the two sub-pulses is gener-
ically given by,
∆tobs =
d2 − d1
c
+ tP1 − tP2 , (1)
where d1 and d2 are the distance of the two emitting
points from us, and tP1 and tP2 are the times when the
bunches arrived at their respective emitting points. The
observed emissions can be created by the bunches which
are excited at different times. One can generally write
tP1 = t10 +
s1
ve
, tP2 = t20 +
s2
ve
, (2)
where t10 and t10 are the times when those bunches
were generated, s1 and s2 are the distances that the
bunches travelled from the generation points to the emit-
ting points along the field lines, and ve = βec is the ve-
locity of the bunch particles. Combined with equation
(1) and equation (2), one can obtain
∆tobs = ∆tgeo + t20 − t10, (3)
where ∆tgeo is the geometric time delay, which can be
written as
∆tgeo =
s2 − s1
ve
−
∆r cos θp
c
, (4)
where ∆r cos θp is the projection of the distance between
the two emitting points in the direction of the LOS.
According to equation (3), if two bunches are gener-
ated simultaneously, their emissions would be observed
at different epochs. In this case, the emission from the
more curved part (line 1) is seen earlier than that from
the less curved (line 2). On the other hand, the emission
from line 2 may arrive the detector at an earlier time
if the bunch was generated earlier. For the geometry-
dependent plasma emission mechanism, one would ob-
serve different time–frequency structures from some sub-
pulses.
2.2. Acceleration of charged particles
The frequency of curvature radiation reads ν =
(3/4pi)γ3(c/ρ), where γ is the Lorentz factor of the emit-
ting particles, c is speed of light and ρ is the curvature
radius. The observed sub-pulses frequency is determined
by both the geometric conditions and the dynamic of
emitting particles.
An electric field E‖ parallel to the B-field that sus-
tain the acceleration of charged particles is required,
otherwise the particles will cool down very rapidly
(Kumar et al. 2017). The E‖ may be triggered together
with the bunch generation (Kumar & Bosˇnjak 2020).
The acceleration of the charged bunches can be written
as
NeE‖evedt− Ldt = Nemec
2dγ, (5)
where Ne is the number of electrons in the bunches, L is
the total luminosity of the radiation and me is the elec-
tron mass. The cooling timescale of the curvature radia-
tion in the observer’s rest frame is given by (Kumar et al.
2017)
tcool ∼
Neγmec
2
L
≃ 1.8× 10−13γ32ν
−2
9 (Ne,23)
−1 s, (6)
where we adopt the convention Qn = Q/10
n in cgs units.
From equation (6), to sustain a constant Lorentz factor
within a labframe duration of γ2/ν, the required E‖,0 is
E‖,0 ≃
γmec
(etcool)
∼ 3.1× 107ν29Ne,23γ
−2
2 esu. (7)
If the strength of E‖ is much stronger than E‖,0, the
equation (5) can be approximated as
E‖eβedt ≃ mecdγ. (8)
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2.3. Drifting parttern
Similar to normal pulsars, the drifting pattern of FRBs
reflects the emitting conditions changing with the loca-
tions at magnetosphere (e.g., “radius-to-frequency map-
ping”, Lyutikov 2020). The drift rate can be written as
ν˙ = ν
[
3
∆γ
γ∆tobs
−
∆ρ
ρ∆tobs
]
. (9)
If E‖ is very close to E‖,0, the Lorentz factors of the
bunches would be the same for each and do not evolve sig-
nificantly as they stream out along the field lines, there-
fore the drift rate can be simplified as
ν˙ = −ν
∆ρ
ρ∆tobs
. (10)
The drift rate is mainly determined by the change of
curvature radius of the emitting points. Generally, the
emitting points swept the LOS earlier emit curvature ra-
diation in the more-curved part of the field lines, result-
ing in downward drifting patterns. On the other hand,
if the two bunches are not triggered simultaneously, e.g.,
the bunch at line 2 is generated earlier than that at line
1, from equation (3), the wave from the line 2 could be
observed earlier when |t20 − t10| is longer than tgeo, so
that upwards drifting pattern will be seen. For the sce-
nario of E‖ ≫ E‖,0, the drift rate can be influenced by
the difference of γ for the bunches at different field lines.
A complex drifting pattern may be caused by the com-
plicated E‖.
3. APPLICATIONS
We apply this radiation model to two specific scenar-
ios of magnetosphere. In the first scenario, the magnetic
field configuration is a simple dipole. At the pulsar inner
gap region, a pulsar-like sparking is the trigger mech-
anism. FRBs are subsequently produced in the polar
gap region at the open field lines. The second scenario
is the cosmic comb model (Zhang 2017, 2018) with a
more stretched field line configuration. The interaction
between the external plasma stream and the pulsar mag-
netosphere excites sudden sparks.
3.1. Polar gap sparking in a dipole field
We consider a scenario similar to the polar gap spark-
ing of the normal radio pulsars (Ruderman & Sutherland
1975). The mechanism we envisage here is a sudden
and violent trigger process to produce sporadic sparks
at the stellar surface. When the sudden sparking per-
turbs the magnetic field to deviate from the regular
state significantly, bunches of charged particle will pro-
duce coherent curvature radiation in a locus of field lines
(Yang & Zhang 2018). Multiple bunches emitting in ad-
jacent field lines traveling with a similar initial Lorentz
factor as the perturbation propagates outwards as Alfve´n
waves.
In the spherical coordinates (r, θ, φ) with respect to
the magnetic axis, a magnetic field line of the dipolar
configuration can be described as
u =
R sin2 θ
r
= sin2 θs, (11)
where R is the radius of the NS surface, u is a dimen-
sionless constant, and θs is the angle of the footpiont for
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Fig. 2.— Histograms of estimated ∆tobs from the equation
(3). The time delay due to the un-simultaneous sparking is
assumed as normally distribution with µ = 0 and σ = 1ms,
(blue) 5ms (red). The ∆tgeo is simulated by making the sin θs
uniformly distributed when θs varies in 0−0.02. The vertical
black solid line divides events with positive/negative values.
each field line at the stellar surface. For a field line char-
acterized by u, the distance along the field from θ0 to θ
is given by
s =
R
u
∫ θ
θ0
√
1 + 3 cos2 θ sin θdθ. (12)
The polar gap region is enclosed within the last open field
lines, which has a polar angle θc = 0.1(P/10ms)
−1/2,
where P is the period of the pulsar. In order to de-
rive coherent emissions, the bunch opening angle should
be smaller than 1/γ, suggesting P > 0.3 s(γ/300)∆tobs
(Wang et al. 2019). Line 1 and line 2 are thought to be
at the same plane approximately, i.e., the rotating ef-
fects (Lyutikov 2020) can be neglected. Therefore, we
obtain θc < 0.02(γ/300)
−1/2. Within the region θ . 0.5,
equation (12) can be approximated as
s ≃
2R
u
(cos θ0 − cos θ) ≃ r. (13)
From equation (4), the geometric time delay can be writ-
ten as
∆tgeo ≃
∆r
c
(1− cos θp −
1
2γ2
). (14)
The curvature radius of the field line can be also de-
scribed as ρ ≈ 4r/(3 sin θ).
Assuming that the Lorentz factor is a constant, and
first consider the bunches are generated at the same time.
Combined with equation (10) and (14), the drift rate can
be calculated as
ν˙ = −ν2
16pi
9γ3(1− cos θp − 1/γ2) sin θ
. (15)
Different trigger mechanisms may lead to various forms
of accelerating electric fields E‖. We then consider
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Fig. 3.— The drift rate as a function of the emission frequency with different forms of E‖. Both the frequency and drift rate
are normalized with their characterized parameters. Left: simulated drifting pattern are plotted in solid lines with n = 1/2
(green), n = 2/3 (blue), n = 3/4 (blue) and n = 5/6 (black); Right: simulated drifting pattern are plotted in solid lines with
n = 3/2 (green), n = 2 (blue), n = 5/2 (blue) and n = 3 (black);
that sparks are produced at different times. Such phe-
nomenon may be caused by a rough surface of pulsar
(Lu et al. 2019), and the bonding energy of particles
on stellar surface need to be very high (e.g., in a bare
neutron star with extremely high magnetic field or solid
strangeon star Xu et al. 1999; Yu & Xu 2011). The dis-
tance of the two emitting points can be written as
∆r =
−2R sin2 θ cos θs∆θs
sin3 θs
. (16)
Thus, the geometric time delay is estimated as
∆tgeo ≃ 6.6× 10
−2ms θ2∆θs sin
−3 θs. (17)
To assess the overall time-frequency structure of the
bursts in this model, we make a simulation of the bursts.
We adopt a uniformly distributed sin θs in the range of
0−0.02, θ = 0.1 and ∆θs = 0.01 rad in the following sim-
ulation. The term of t20−t10 follows the normal distribu-
tion with µ = 0 and σ = 1ms, 5ms, respectively. Based
on equation (3), we plot the simulated distribution of
the observation interval time ∆tobs with 1000 samples,
as shown in Figure 2. The vertical black solid line di-
vides positive/negative slope values. According to our
simulation, in most cases one would observe a downward
drifting pattern, though there are also cases in which an
upward drifting will be seen.
More generally, we assume that the acceleration elec-
tric field obeys a power law distribution with index of n,
i.e., E‖ = E0 (r/R)
−n
, when E‖ ≫ E‖,0. The drift rate
can be written as
ν˙ =
9E30e
3R3 sin θ
16pim3c4(1 − cos θp − 1/γ2)
Cn(x), (18)
where x = r/R which is assumed to be much larger than
1 and Cn(x) is given by
Cn(x) =


3(1− n)x1−n(x1−n − 1)2 − (x1−n − 1)3
(1 − n)3x2
, n 6= 1
3x[Loge(x)]
2 − [Loge(x)]
3
x2
, n = 1
.
(19)
The sign of the drift rate depends on n. In Figure 3, we
show the simulated drift rate as a function of the emission
frequency with different value of n. The drift rate and
the emission frequency are normalized in
ν˙c = (9E
3
0e
3R3 sin θ)/[16pim3c4(1− cos θp − 1/γ
2)],
and
νc = 9E
3
0e
3R2 sin θ/(16pim3c5).
For the acceleration electric fields decrease with r rapidly
(n & 1), the growth of the Lorentz factor at higher height
is slow, so that frequencies may drift from high value
to low. For n . 1, the Lorentz factor at higher height
is much larger, therefore both downwards and upwards
drifting are possible.
3.2. Cosmic comb
In the cosmic comb model (Zhang 2017, 2018), a
plasma stream from a nearby source (e.g., binary com-
panion or massive black hole, etc.) interacts the NS
with the ram pressure overcoming the magnetic pressure.
FRB emissions can be observed when the sheath plasma
sweeps the LOS. The sudden distortion of the magneto-
sphere can derive the number density deviating the orig-
inal Goldreich–Julian value, forming sparks or bunches
of charged particles in a locus of field lines and providing
acceleration of them.
The magnetosphere are elongated and surrounded by
a sheath, similar to solar wind interacting with the earth
magnetosphere. For such stretched field lines, one has
∆tgeo ∼ Gr∆r/c, where Gr is a constant of the order
0.1. The sparking process are suddenly generated upon
the interaction between the external plasma stream and
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the pulsar magnetosphere. Bunches may be generated
at different times with the sheath getting narrower. The
typical timescale for such process can be estimated as
ts ≈ (3 ms)∆Rs,10 v
−1
s,−1 γ
−1
e,3 ,, where ∆Rs is the size
of the sheath, and vs ≃ 0.1c vs,−1 is the velocity of the
stream that combs the magnetosphere. This is consistent
with the observed millisecond interval time of the sub-
pulses.
4. SUMMARY AND DISCUSSION
We propose a generic geometrical mechanism to ex-
plain the time–frequency structures of sub-pulses of re-
peating FRBs within the framework of coherent curva-
ture radiation in the magnetosphere of an NS. The sparks
or bunches of charged particles are produced abruptly by
a sudden trigger mechanism from the magnetosphere of
an NS, and stream outwards along the open field lines.
This model is applied to explain the time–frequency
structure within two specific scenarios: a) sparking from
the inner gap of a slowly rotating NS with a dipole con-
figuration; and b) the cosmic comb. For an NS with sud-
den, sporadic and violent triggered sparking, such struc-
ture of sub-pulses is a natural consequence of coherent
curvature radiation. We further argue that such struc-
ture could be regarded as an evidence of that the FRB
originates from an NS magnetosphere. We are expect-
ing to test this FRB model of magnetospheric origin in
the future with advanced facilities, especially by Chinese
FAST (Jiang et al. 2019).
The time–frequency structures is supposed to be
strongly related to the geometry of the magnetosphere
and the dynamics of charged particles within it. In prin-
ciple, a complicated time–frequency structure could orig-
inate from a very complex magnetosphere or the accel-
eration electric field. The simplest scenario is that these
bunches are triggered simultaneously, and move with a
nearly constant Lorentz factor, suggesting the potential
observation of a ν˙ ∝ −ν2 relation. The interval time be-
tween two adjacent sub-pulses should be longer for lower-
frequency emissions because they are emitted at higher
height.
A more complex case is that the bunches are generated
with slightly different times. We simulated the observed
intervals of sub-pulses in a dipole magnetic configura-
tion. We found in most cases, the emissions from more
curved parts of the field lines are seen earlier than those
from the less curved part. As shown in Figure 3, more
events with ∆tobs < 0 can occur for larger σ, suggesting
that the long-duration sparking process is more likely
to generate upward drifting events. Our model model
predicts that most FRBs would have downwards drift-
ing sub-pulses, but there are also upward drifting events,
and one would more likely to observe these from FRBs
with long-duration.
A pulsar or magnetar, which excited by a sud-
den trigger creating sporadic sparks, may be seen to
have such sub-pulse structures from some single tran-
sient pulses. The sudden spark for a normal pulsar
may be related to an abrupt crust cracking, which
should be accompanied with glitches (Ruderman et al.
1998). Magnetars can create sparks via magnetop-
sheric twist and becomes active (Beloborodov 2013;
Wadiasingh et al. 2020), associating with some X-
ray bursts, which is consistent with SGR 1935+2154
(Scholz & Chime/Frb Collaboration 2020; Zhang et al.
2020). From another geometrical point of view, for a
pulsar with spin period of 3 s, the angle between the
magnetic axis and the field direction of the last-open
field line could be ∼ 2.3◦ (at an attitude of 100 km),
and time delay of two sub-pulses detected could be order
of ≤ 40 ms. This would be tested by future observation
of periodicity.
FRB may have similar spark trigger mechanism but
differences in energy budget. In general, the E‖ proposed
in various of FRB models, can be simply estimated as
a power law distribution in terms of r. We gave the
modeled drifting pattern with these different forms of
E‖. The energy engine of FRB sources could be tested
by the observations of sub-pulse structure.
In our geometric model, the magnetosphere are mod-
eled as ideal dipole or a stretch-field-lines configuration.
For a slow rotating pulsar, the polarisation angle is gen-
erally flat but evolve at near φ = 0 (see the RVM model,
Radhakrishnan & Manchester 1969). More complicated
magnetic field configurations my produce more complex
polarisation angle evolution curves.
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